A feasibility study was made on the use of the waste edible oil used for cooking as an alternative fuel for diesel engines. The effective use of the waste edible oil that comes out from homes and factories might contribute to the environmental issues because it recycles the valuable resources and reduces the consumption of the fossil fuel. If the waste edible oil is proved to be of use in diesel engines, the consumption of the fossil fuel would be reduced.
Introduction
Currently diesel engines use gas oil or oil as fuel oil. Since these fossil fuels are limited resources, they may be exhausted in the near future. To prevent this problem, their consumption must be reduced before they are exhausted. In addition, from the view point of the recycling of resources and the environmental problems, we consider that it is very advantageous to use, as fuel, vegetable waste edible oil exhausted from general homes and offices.
An official announcement says that, in Japan, vegetable waste edible oil of approx. 200 thousand tons per year is exhausted from offices and approx. 200 thousand tons per year from homes. In our country which is short of resources, it is desirable to recycle these resources. Studies 1)-6) in which waste edible oil and vegetable oil are used as fuel have been performed on a method for emulsifying rapeseed oil 7)-8) and methods for waste edible oil mixed with gas oil and esterifying waste edible oil 9) . However an attempt to mix waste edible oil with gas oil and to heat the mixed fuel has not been performed. Methyl ester fuel may cause a secondary pollution because it uses chemicals for the treatment and allows their exhaust gases to discharge harmful substances (benzene, etc.) to the environment during the treatment. Since it takes much time to produce the mixed fuel and its production equipment is very expensive, the diffusion of it becomes difficult.
In this study, waste edible oil was mixed with kerosene so that waste edible oil can be easily utilized as a fuel for diesel engines, and easily diffused in the market, and that its exhaust gases produced by combustion can be cleaned.
This paper reports about the results of the investigation of the physical properties of the mixed fuel produced by mixing waste edible oil with kerosene to apply it to current diesel engines, and the results of the ignition test and engine performance test.
Fundamental Tests
To know the properties of fuel is very important to analyze the engine performance. affects a thermal efficiency, and a viscosity affects an ignition lag period and a combustion. They can be said to dominate the engine performance. Accordingly, fundamental physical property values such as the lower calorific value, density, surface tension, and dynamic viscosity were first investigated to examine the possibility of their application to the engines. The raw materials of the waste edible oils used are rapeseed oil, soybean oil, and silicone which were used in the dining room of the department to which the writer belongs. Kerosene was mixed with these waste edible oils and the mixed oils were used as mixed fuels. Waste edible oil mixing ratios were 20, 40, 60, and 80 vol.%. Hereafter, these mixed oils are referred to as WK-20, WK-40, WK-60, and WK-80, and the waste edible oil alone is referred to as W.E.O (Waste Edible Oil). Since the waste edible oils are kinds of vegetable oils, their kinematic viscosities are too high to use as fuels. For the improvement, the fuels were heated to the temperatures of 293, 313, and 333 K, and their densities, surface tensions, and kinematic viscosities were measured.
Measurement of lower calorific value
The schematic drawing of the measurement apparatus (O.S.K. OSK100-5) used in this test is shown in Fig. 1 . In the test, a specimen of 0.5 g was set in the pump filled with oxygen, the specimen was ignited by an electric spark, and the lower calorific value was measured by means of a temperature difference between the temperatures inside and outside the pump. Fig. 2 shows the results of the measurements of the specimens.
Fig. 1
Lower calorific value measurement
The results indicate that the lower calorific value of the waste edible oil alone is approx. 38 MJ/kg which is lower than that of gas oil (45 MJ/kg). Fuels with lower calorific values are considered to increase a fuel injection amount per output, lower an air utilization factor, and lower a thermal efficiency. In this case, however, the results of the measurements indicate that the lower calorific value of the kerosene mixed fuel increases as shown on the Fig.2 . It indicates that the lower level of the lower calorific value which is one of the defects of the waste edible oils as fuels can be improved by mixing the waste edible oils with kerosene. In particular, the lower calorific values of WK-20 and WK-40 are 94% of that of light oil or higher. It is considered that their applications to the engines do not cause any major problems. 
Measurement of density
A hydrometer was floated on the specimens which were heated by a heater and kept at set temperatures to obtain their densities. The results of the measurement of the specimens are shown in Fig. 3 .
These results indicate that the density of the waste edible oil alone is approx. 920 kg/m 3 which is higher than that of gas oil. Rapeseed oil which forms the main part of the waste edible oil is the ester-bonded material of glycerin with one molecule and fatty acid with three molecules, and has a density higher than that of gas oil because its molecular weight is larger than that of gas oil. The mass of the oil drips of the injected fuel increases as an increase in density. It can be considered that the inertia force of the oil drips or, the spray penetration is increased. Diesel engines are self-ignited and affected largely by spray characteristics. Therefore they require those spray characteristics suitable for the combustion chambers.
The specifications of the fuel spray nozzle must be changed according to the spray penetration. However, the density decreases as an increase in the mixing rate of WK oils with kerosene. For WK-20, a density value is near that of gas oil and, for WK-40, it decreases to a value near that of gas oil by increasing the fuel temperature to 313 K. As the waste editable oils mixed with kerosene are improved the density by heating the mixed fuel, it was considered that WK-20 and WK-40 can be applied to the engines without changing the specifications of the nozzle. 
Measurement of surface tension
In this test, a capillary tube was inserted into the specimens being kept at each set temperature, and then the heights of liquid columns in the capillary tube were measured by a microscope. The surface tension (T) was estimated using the following expression. The results of measurement of the specimens are shown in Fig. 4 .
These results indicate that the surface tension of the waste editable alone is approx. 31.8 mN/m which is higher by approx. 30% than that of gas oil. As the mean particle diameter of spray increases with an increase in surface tension, the promotion of atomization may be obstructed. As a result, a physical ignition lag period may be increased and the formation of the mixture in the combustion chamber may be delayed. However, the surface tension is lowered by the mixing of the waste editable oils with kerosene, and the surface tension of WK-20 is roughly equal to that of gas oil. For WK-40 and WK-60, the surface tension increases down to that of gas oil with an increase in the fuel temperature of 313 and 333 K, respectively. Considering the surface tension , the waste edible oils can be reduced the surface tension by mixing them with kerosene and heating the mixed fuel, and we consider that WK-20, -40, and -60 can be applied to the engines. 
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Measurement of kinematic viscosity
The schematic drawing of the measurement apparatus (Yamaichi, VM-1 A-1) used in this test is shown in Fig. 5 . In the test, the probe of the apparatus was immersed in the specimen at a set temperature, the viscosities were measured, and the kinematic viscosities were evaluated. The results of the measurements of the specimens are shown in Fig. 6 . The results indicate that, up to WK-60, the kinematic viscosities of the mixed fuels increase generally on a proportional basis as an increase in the mixing ratio of waste edible oil. The value increase considerably in the case of the mixing oil higher than the mixing rate of WK-60, and the kinematic viscosity of the waste edible oil alone is about 61.1 (x 10-6 m 2 /s) which is considerable higher than that of gas oil. Therefore, the spray mean particle diameter of W.E.O becomes larger than that of gas oil and the ignition lag time becomes longer. It is considered that it is substantially effective to advance the fuel injection timing. It can be understood that, as the mixing ratio of waste edible oils increases, the mixed oil tends to be more affected by the fuel temperature. We consider that this is because the waste edible oils are vegetable oils and a change in viscosity of the waste edible oils according to temperatures is larger than that of mineral oils. As a result, our mixed fuels in which waste edible oils are mixed can be said to have a high effect on the mixed fuel by heating. 
Ignition test
Diesel engines are ignited by the self-ignition of fuel before burning. Therefore to know the ignitability of fuel is so important to analyze the engine performances. We performed the ignition test based on the ASTM (Method of American Society for Testing Materials) system, and investigated the igniting characteristics of the fuels.
Ignition test apparatus and ignition test method
In this test, a spontaneous ignition tester (Yoshida, Model 824-1) capable of performing the test of ASTM system was used. The schematic illustration of the inside of the furnace is shown in Fig. 7 .
In this test, the furnace temperature was adjusted by using the temperatures of the upper, middle, and lower thermometer sensors (sheathed K type thermo-couples) in the furnace within ± 1 with the temperature control knob, and the specimen of 0.07 ml is dripped with the micro syringe. While observing the interior of the furnace with a reflector, the time (ignition time) from a time when the specimen was dripped to a time when the specimen was ignited was measured, and the igniting characteristics of the specimen at the atmosphere temperature were investigated.
We defined the ASTM method as a system in which a specimen is heated in a crucible, a measurement chamber volume (Change of Characteristics by Heating) (using a conical flask) is constant, and the ignition reaction of the specimen in stationary state is observed.
Fig. 7
Ignition experimental device
Results of ignition test
The relation between the ignition temperature and ignition time of the specimens is shown in Fig. 8 with the ignition time versus ignition temperature. Ignition Temperatures on JIS are shown in Table 1 .
The figure shows that the waste edible oil alone does not ignite unless it is heated to as high as approx. 150 K which is higher than that of gas oil. In addition, it was not ignited at the atmosphere temperature of approx. 700 K or lower. Accordingly, it can be understood that the waste edible oil alone is very poor in ignitability. The figure also shows that, in the mixed fuels, though the ignition temperature increases as an increase in the mixing ratio of the waste edible oil, the increasing rate is very small up to 60% of the mixing ratio, and its tendency is approximately the same as that of the mixed kerosene. It is considered that the kerosene in the mixed fuel acts as igniting agent and, even if the waste edible oil with trouble igniting is mixed, it was ignited at a temperature approximately the same as that for kerosene. However, WK-80 does not ignite unless it is heated to as high as nearly 100 K. On the other word , it was considered that, the mixing ratio of kerosene lowers below 40%, when the mixing ratio of the waste edible oil exceeds 60%, therefore the properties of the waste edible oil acts strong and the ignitability is deteriorated. The same can be said by a variation in kinematic viscosity of the mixed fuel. The physical property measurement indicates that, though the kinematic viscosity of the mixed fuel increases approximately on a proportional basis up to WK-60, after WK-60, it increases quadratically. Namely, though the effect of kinematic viscosity on the ignitability is small for the waste edible oils up to WK-60, it is probably increased considerably in the case of the mixing ratio higher than that of WK-60. Therefore, it is considered that the ignitability is deteriorated suddenly when the mixing ratio of the waste edible oil exceeds 60%. However, it can be understood that the deterioration of the ignitability, which is one of the defects of the mixed fuel with the mixing ratio of 60% or less when the waste edible oils are applied to diesel engines, can be improved by mixing the waste edible oils with kerosene. 
Engine Performance Test
When the mixed fuel of waste edible oil is used for diesel engines, as mentioned before, the decreasing in performance may be induced by its such characteristics that the lower calorific value becomes low and the kinematic viscosity increases . Also the largest problem so far in use of vegetable oil-mixed fuel is an excessive carbon deposit. To solve these problems, the supplied fuel was heated and changed the specifications simply by changing a fuel injection timing. The engine performance test was performed. Here gas oil as standard fuel was compared with the mixed fuels with respect to a heat efficiency and exhaust gas characteristics. Figure 9 shows the test apparatus the fuel consumption, the pressure and temperature of intake air and exhaust gases and the smoke concentration of exhaust gases were measured by the Bosch system under the conditions below. The concentration of NOx was also measured by the detector tube. The specifications of the small-sized high-speed diesel engine used in the test are shown in Table 2 . The fuels used are gas oil, WK-20 and WK-40. WK-80 and Wk-60 could not be used as fuel because it was found out from the results of the ignition test that the ignition temperature of WK-80 is too high and the lower calorific value of WK-60 is too low respectively.
Test apparatus and test method
In the performance test, the engine speed was fixed at 3400 rpm, the load was changed into five stages, and the output ranged from 18.6 to 84.1% of the maximum output (4.41 kW).
The fuel injection timing (F.I.T) was set into three stages; 14° as the standard BTDC (before top dead center), 15.5° (Change of Characteristics by Heating) BTDC, and 16.5° BTDC advanced by 1.5° and 2.5° from the standard BTDC, respectively. The fuel supply temperature was changed in three stages; 293, 313, and 333 K.
Fig. 9
Engine performance test device 
Effect of mixing of soybean oil
The relation between the thermal efficiencies/exhaust gas characteristics of gas oil and mixed fuels and output is shown in Fig. 10 with the brake horse power versus brake thermal efficiency (B.T.E), NOx density, and smoke level. Figure 11 shows the relation between the cylinder pressures of gas oil and mixed fuels/the heat release rate and the crank angle on the graph of crank angle versus cylinder pressure and heat release rate. The thermal efficiency of WK-20 was lowered by about. 1% over that of gas oil, and the thermal efficiency of WK-40 was lowered more slightly. The lower thermal efficiency results from the lower calorific value of the fuel. Soybean oil is a kind of vegetable oil and has oxygen and, therefore, it can be considered that an air utilization factor may be increased by the combustion improving action of oxygen contained in the fuel. It is considered that the decreasing in the lower calorific value has more great affect on the decreasing in the thermal efficiency than the combustion improving action. Since the lower calorific value decreases as an increase in the waste editable oil mixing ratio, therefore the thermal efficiency also decreases as an increase in the waste edible mixing ratio, the decreasing in the lower calorific value of the fuel can be said to be one of the causes of the decreasing in the thermal efficiency. Namely, it is considered that, since the lower calorific value decreases as an increase in the waste edible oil mixing ratio, the volume of the fuel to be injected to generate the same output increases and the air utilization factor is deteriorated, and since the fuel injection period increases and the afterburning period is extended, the thermal efficiency becomes lower . For WK-40, effects of kinematic viscosity and surface tension are considered to be the cause. The mean particle diameter of spray increases as an increase in the kinematic viscosity and surface tension. These values also affect on the area and arrival distance of the spray. The formation of the mixture is delayed since it takes much time for evaporation, and a physical ignition lag time increases. From the results of the ignition test, such a tendency could be obtained that the ignition time of the mixed fuel at the same ignition temperature is longer than that of gas oil, and a difference between these ignition temperatures increases as an increase in the waste edible oil mixing ratio. Figure 11 shows the relation of cylinder pressure and heat release rate versus crank angle for various fuel oils. As the results, it is considered that the thermal efficiency became lower due to an increase in the ignition lag time resulting from the ignitability of the mixed fuel. Higher kinematic viscosity and surface tension cause an increase in the loss of fuel supply in the engine. The examinations described above can be summarized that, in the mixed fuels, the thermal efficiency becomes lower due to mainly the deterioration of such properties as lower calorific value, kinematic viscosity, surface tension, and ignitability. For exhaust gas characteristics, the smoke level is expected to be increased more than that of gas oil because vegetable oil including much unsaturated acids such as linoleic acid and oleic acid is mixed in the mixed fuel. However, the experimental results indicate that the smoke level of the mixed fuel was approximately the same as that of gas oil. Accordingly, it is supposed that the combustion ratio of the mixed fuel was higher than that of gas oil. It is considered that the vegetable oil contains oxygen but the waste edible oil is oxidized due to heating in cooking. Therefore, the mixed fuel is considered to be an oxygen-contained fuel, and have a combustion improving action. As mentioned before, since the combustion start timing for the mixed fuel is delayed, it can be considered that the combustion was performed suddenly. As a result, we consider that, when the mixed fuel which was subjected to the combustion improving action by the oxygen contained in the fuel was used, NOx density was increased slightly because the smoke level was low and the combustion was performed suddenly. Figure 12 shows the effect of fuel injection timing on thermal efficiency and exhaust gas characteristics in the case of WK-20 as a fuel. Figure 13 shows the effect of fuel injection timing on cylinder pressure and heat release rate in the case of WK-20 as a fuel.
Effect of fuel injection timing
The thermal efficiency can be varied by changing the fuel injection timing. For each fuel, it can be increased by about 2% max. In particular, the thermal efficiency is a maximum when the injection timing is 15.5° BTDC which is advanced by 1.5°. As mentioned above, the kinematic viscosity, surface tension, and the mean particle diameter of spray of the mixed fuel increase, and these values affected the diffusion of spray and the arrival distance to vary the spray distribution. When the spray characteristics are deteriorated, it takes much time for the evaporation and such physical ignition lag time increases. Also, the mixed fuel is longer in ignition time at the same ignition temperature than gas oil, and its difference increases as an increase in the mixing ratio. The combustion start timing can be advanced by advancing the fuel injection timing since the ignition lag time increases also by the ignitability of the mixed fuel, and the thermal efficiency is considered to be increased by that advancement. Figure 13 shows that the combustion start timing is advanced by advancing the fuel injection timing. However, the thermal efficiency at 16.5° BTDC is slightly lower than that at 15.5° BTDC. Since its difference is small, it can also be considered to be within the range of error. We consider, however, that the difference was caused by such an event that, since the fuel injection timing at 16.5° BTDC was excessively advanced, a part of the injected fuel was collided with the wall surface of the combustion chamber. Accordingly, it can be considered that, if the injection timing is advanced more, the thermal efficiency will be surely lowered. Based on these examinations, we consider that, to prevent the lowering of the thermal efficiency by the extension of the ignition delay period, it is effective to inject the fuel rather earlier. It is possibly optimum near 15.5° BTDC.
Next, for the exhaust gas characteristics, as mentioned above, the combustion start timing is advanced by advancing the fuel injection timing. Since the ratio of perfect combustion is increased when the combustion start timing is advanced and the combustion period is extended, the combustion temperature is increased and NOx density is increased. For the smoke level, however, since the ratio of the perfect combustion is increased by advancing the fuel injection timing, even vitiated fuel could suppress the smoke level lower than that of gas oil. Figure 14 shows the effect of fuel heating on thermal efficiency and exhaust gas characteristics when WK-40 having a high mixing ratio and providing rather excellent results is used.
Effect of heating of supplied fuel
The thermal efficiency was slightly improved by increasing the fuel temperature. However, the thermal efficiencies of 313K and 333K were almost the same. We consider that, since the above-mentioned abnormalities by kinematic viscosity can be improved by lowering the dynamic viscosity of the fuel by fuel heating, the thermal efficiency could be improved. However, since the mass of the fuel per volume is lowered due to the lowering of density by the fuel heating, an increase in thermal efficiency may be obstructed. Accordingly, we consider that the fuel heating is desirably performed at appropriate intervals. For exhaust gas characteristics, NOx is slightly increased by the fuel heating. It is because the combustion temperature is increased due to a high fuel temperature, excellent spray characteristics can be obtained due to a low kinematic viscosity, and the combustion temperature is increased. However, smoke is not almost affected by the fuel heating, and even the low vitiated fuel can discharge the same volume of smoke as that of gas oil. 
Conclusions
To reduce the consumed amount of fossil fuels (gas oil here) and recycle resources, we have performed the basic study about the possibility of use of waste edible oils as diesel engine fuels. As a result, we could obtain the following conclusion.
(1) The low level of the lower calorific value and the high kinematic viscosity of waste edible oils, which are one of the defects of the waste edible oils, can be improved by mixing kerosene with the waste edible oil.
(2) The effect of fuel heating is large since the mixed fuel is susceptible to a temperature and a variation in kinematic viscosity of the mixed fuel is large. (3) The ignition temperature of the mixed fuel can be lowered by mixing the waste edible oils with kerosene. (4) The exhaust gas characteristics of WK-20 and WK-40 are almost the same though the thermal efficiencies of them are slightly lower than the thermal efficiency of gas oil. (5) Smoke of WK-20 can be lowered more than that of gas oil since the thermal efficiency of WK-20 can be increased to that of light oil by advancing the fuel injection timing to 15.5° BTDC. 
